The structure of human serum albumin loaded with a metal porphyrin and fatty acids in solution is characterized by orientation-selective double electron-electron resonance (DEER) spectroscopy. Human serum albumin, spin-labeled fatty acids, and Cu(II) protoporphyrin IX-a hemin analog-form a fully self-assembled system that allows obtaining distances and mutual orientations between the paramagnetic guest molecules. We report a simplified analysis for the orientation-selective DEER data which can be applied when the orientation selection of one spin in the spin pair dominates the orientation selection of the other spin. The dipolar spectra reveal a dominant distance of 3.85 nm and a dominant orientation of the spin-spin vectors between Cu(II) protoporphyrin IX and 16-doxyl stearic acid, the electron paramagnetic resonance reporter group of the latter being located near the entry points to the fatty acid binding sites. This observation is in contrast to crystallographic data that suggest an asymmetric distribution of the entry points in the protein and hence the occurrence of various distances. In conjunction with the findings of a recent DEER study, the obtained data are indicative of a symmetric distribution of the binding site entries on the protein's surface. The overall anisotropic shape of the protein is reflected by one spin-spin vector orientation dominating the DEER data.
INTRODUCTION
Human serum albumin (HSA) is the most abundant protein in human blood plasma. It serves as a versatile transporter for numerous endogenous compounds and drug molecules (1, 2) . Its capability to bind and transport fatty acids (FA) is of particular physiological significance (3, 4) . Seven distinct binding sites for long chain FA were identified by crystallography, most of which comprise ionic anchoring units (positively charged amino-acid residues) and long, hydrophobic pockets (5, 6) . Counterintuitively, the FAs were found to be distributed asymmetrically in the protein crystal, although the protein itself exhibits a highly symmetric primary and secondary structure (5, 7, 8) .
However, a crystallographic structure does not account for the dynamic conformational flexibility of a protein, which often constitutes a key parameter for its biological function (9, 10) . In particular, the surface-exposed parts of HSA show a high degree of flexibility and enable the protein to bind a large number of small molecules (11, 12) .
Triggered by these observations, we used an electron paramagnetic resonance (EPR) spectroscopic approach to determine the functional structure of HSA in solution. Replacing the fatty acids by their spin-labeled analogs, a self-assembled system is obtained, which allows the structural characterization of the protein from the point of view of the transported molecules (13, 14) .
The structural information is obtained by an EPR technique called double electron-electron resonance (DEER) spectroscopy (15) (16) (17) , which utilizes the dipolar couplings between electron spins to allow distance measurements in the range of 1.5-8 nm (18) . This intrinsically local technique has been increasingly used for the structural characterization of synthetic (19, 20) and biological (21, 22) macromolecular systems which lack long-range order (e.g., membrane proteins). It can, in principle, be used in two ways-either analyzing the time-domain data or the dipolar spectra after Fourier transformation (23) .
By varying the position of the spin label in the hydrocarbon chain of the fatty acids, both the ionic anchor points of the binding sites in the protein's interior as well as the entry points into the fatty acid channels could be probed (13) . The paramagnetic moiety of 5-DSA is located in the vicinity of the carboxylic acid group of the fatty acid which interacts with positively charged amino-acid residues in the binding channel, and is representative of these anchor points. The EPR-active nitroxide group of 16-DSA, on the other hand, resides near the end of the fatty acids' hydrocarbon tail. When the fatty acid is bound to the protein, this tail region is located close to that end of the hydrophobic binding channel, through which the fatty acid entered the binding site. Hence, the spatial distribution of 16-DSA is representative for the distribution of these entry points.
We found that the anchor points are asymmetrically distributed in the rigid interior of the protein as predicted by the crystal structure. In contrast, the entry points are distributed symmetrically on the protein's surface. This was attributed to a large conformational flexibility in solution which facilitates the uptake and release of the guest molecules. Furthermore, the rigidifying effect of ionic liquids as cosolvents on the solution structure was also revealed in such an approach (14) .
Though the coarsened view on the protein by DEER spectroscopy helped in visualizing general structural motifs, the structural information, in the case of seven fatty acid binding sites, is limited to the analysis of the huge number of 21 distances. Hence, we sought for an opportunity to expand the breadth of the EPR approach to reveal additional, more detailed, and simplified structural data.
In addition to fatty acids, HSA binds and transports a large variety of endogenous compounds and drugs. Most drugs are bound in two distinct binding sites located in subdomains IIA and IIIA of the protein (24, 25) , which overlap with fatty acid binding sites 2 and 3/4 (26, 27) . Among the endogenous ligands, hemin, bilirubin, and tyroxine are the most important. Hemin and bilirubin bind to subdomain IB (fatty acid site 1) (28) (29) (30) whereas thyroxine binds to subdomain IIA (fatty acid site 7) (31) .
Hemin is a particularly interesting ligand for EPR studies because it contains a paramagnetic Fe 3þ central ion, which is complexed by a porphyrin derivative. It fits snugly into the hydrophobic cavity of the protein in subdomain IB with its two propionate groups interacting with basic side-chain residues of the protein (28) . In that sense, its binding mode resembles that of fatty acids. Because hemin exhibits a higher affinity to the protein binding site than the fatty acids, the addition of one equivalent of hemin is sufficient to quantitatively replace the fatty acid bound to site 1. Note that HSA only provides one distinct binding site for hemin whereas six further binding sites remain for the complexation of fatty acids. The crystal structure PDB 1O9X of HSA, cocrystallized with hemin and myristic acid, is shown in Fig. 1 A (28) .
The high-spin Fe 3þ ion of hemin(chloride) possesses an electron spin of S ¼ 5/2 (32) , which leads to a substantially broadened EPR spectrum (see Fig. S1 in the Supporting Material). However, it can easily be substituted by a variety of transition metal ions. Cu 2þ (S ¼ 1/2) is the ion of choice for EPR applications, because its spectra exhibit comparably narrow spectral widths. Its relatively high spectral density makes Cu 2þ a suitable probe for DEER distance measurements (33) (34) (35) (36) .
By the addition of Cu(II) protoporphyrin IX (replacing hemin) and 16-doxyl stearic acid (16-DSA, replacing myristic acid) to HSA ( Fig. 1 B) , a self-assembled ternary system is obtained that allows a structural characterization of the protein by EPR spectroscopy (Fig. 2 ). (Note that 16-DSA probes the entry points of the FA binding sites in the protein. These parts of the protein were identified to differ significantly from the crystal structure, triggering us to focus on this particular spin probe in this study to gain more detailed indications for a deviation of the crystallographic protein structure and its EPR-derived structure in solution.) The spectral separation of the contributions from the copper ion and the nitroxide radicals (see Fig. 3 ) opens up the possibility to solely retrieve distances between the Cu 2þ ion in the center of the porphyrin and the nitroxide groups of the fatty acids. This results in a substantial simplification of the spectral analysis as the total number of distances probed is significantly reduced from 21 (FA-FA) to six (Cu(II)-FA). These six distances range from 2.4 nm to 4.3 nm as derived from the crystal structure ( Fig. 2 ). Hence, they are well in the distance regime that can be accessed by DEER.
Moreover, the fraction of Cu 2þ spins that can be excited by a single microwave pulse possesses a defined orientation with respect to the external magnetic field. Due to this orientation selection, not only information about the spin-spin distance but also information about the relative orientation of the spin-spin connecting vector with respect to the molecular frames of the paramagnetic centers is accessible (38,39).
Orientation-selective DEER spectroscopy is an emerging field in magnetic resonance. It requires the g anisotropy of at least one of the paramagnetic centers to be resolved. For nitroxides, a full resolution is only provided at high magnetic Biophysical Journal 100(9) 2293-2301 fields (n mw R 95 GHz), which allows spin-pair geometries to be accessed (40) (41) (42) (43) (44) . Limited orientational information on nitroxides can also be accessed at X-band (n mw~9 -10 GHz) because a variation of the observer pulse position in the low field part of the spectrum slightly affects the orientation of the excited spins (45, 46) . Transition metals with significantly larger g anisotropy, however, give rise to a strong angular selection already at low magnetic fields. Copper-nitroxide distances and orientations were accessed for terpyridine and porphyrin model complexes (33, 47) , and even copper-copper distances could be estimated for several biological systems (33, 35, 48, 49) .
In orientation-selective DEER, a direct conversion of dipolar data into distance distributions is not possible because the orientation dependence of the dipolar data is, a priori, unknown. In recent years, several sophisticated methods were developed for the analysis of orientation selection in DEER (40, 44, 46, 50) . Here, we introduce a simplified method to calculate angular dipolar DEER data, when only one spin of the spin pair (here Cu(II)) is predominantly responsible for the orientation selection.
This article is organized as follows: The next section contains details about the preparation of the biological self-assembled system, the orientation-selective DEER experiment, and its analysis. The latter is briefly discussed in Results and Discussion before the spectroscopic data are presented and compared to the calculated spectra based on the crystal structure. The apparent discrepancy of the two datasets and its implication for the functional protein structure in solution is discussed in light of previous findings.
MATERIALS AND METHODS

Materials
Nondenaturated human serum albumin (HSA, >95%; Calbiochem, San Diego, CA), hemin(chloride) (>98%; Carl Roth, Karlsruhe, Germany), Cu(II) protoporphyrin IX (Frontier Scientific, Logan, UT), 16-doxylstearic acid (16-DSA; Sigma-Aldrich, St. Louis, MO), and glycerol (87 wt %; Fluka Chemical, Milwaukee, WI) were used as received. 16-DSA was partly reduced to the EPR-inactive hydroxylamine (16-rDSA) by addition of phenylhydrazine (97%; Sigma-Aldrich) (13) .
Sample preparation
A quantity of 0.2 M phosphate-buffered solutions of pH 6.4 with and without 2 mM HSA and 6.7 mM solutions of 16-DSA and Cu(II) protoporphyrin IX in 0.1 M KOH were prepared. These stock solutions were mixed FIGURE 2 Relative positions of Cu(II) protoporphyrin IX and the stearic acid molecules in the protein. The structural model was obtained by inserting hemin into the crystal structure PDB 1E7I of HSA complexed with seven stearic acid molecules (5) . The C-16 positions of the fatty acids (FA) and the last resolved carbon atom of stearic acid in site 7 are highlighted in light colors. The structural relationship between Cu(II) and the C-16 position of the stearic acids is sufficiently described by the distance and the angle d between the connecting vector and the z axis of the molecular Cu(II) frame. (Inset) The expected distance distribution is shown assuming Gaussian peaks with s ¼ 0.14 nm. The methylene chain of the fatty acid in site 7 was linearly extrapolated to its C-16 position. FIGURE 3 Electron-spin echo detected EPR absorption spectrum of HSA complexed with 1 eq. Cu(II) protoporphyrin IX and 1 eq. 16-DSA at 10 K (top). The nitroxide contribution to this spectrum was approximated by a 1:2 mixture of HSA and 16-DSA at 50 K and is also shown. The difference spectrum was pseudomodulated and simulated (bottom). The spectral parameters retrieved by the simulation were used to calculate the Cu(II) orientations that are excited by a 32 ns pulse at a certain spectral position. The frequency of the pump pulse in the DEER experiment was kept at the maximum of the nitroxide spectrum and at the center of the resonator mode whereas the position of the observer pulse was varied within the copper spectrum. The orientation selection for the observer positions is displayed in unit sphere plots. High excitation efficiencies are indicated by warm colors.
Biophysical Journal 100(9) 2293-2301 in the appropriate ratios to obtain HSA complexes with 1 eq. Cu(II) protoporphyrin IX, 1 eq. 16-DSA, and up to 4 eq. of 16-rDSA in a 100 mM phosphate buffer solution of pH 7.4. This method provides for isolated spin pairs in combination with a varying total occupation of the fatty acid binding sites. The combined concentration of 16-DSA and 16-rDSA was kept constant at 2 mM. A quantity of 20 vol % glycerol was added to the final solutions to prevent crystallization upon freezing. The solutions were filled into 3 mm O.D. quartz tubes and shock-frozen in N 2 (l) cooled iso-pentane (below -100 C).
Electron-spin-echo-detected spectrum and simulation
Electron-spin-echo-detected spectra were acquired using the primary echo sequence p/2-t-p-t-echo with t ¼ 200 ns. The temperature was set to 10 K by cooling with a closed cycle cryostat (ARS AF204, customized for pulse EPR; ARS, Macungie, PA). The nitroxide contribution to this combined copper/nitroxide spectrum was partly removed by subtraction of a nitroxide spectrum from a 1:2 mixture of HSA and 16-DSA. The residual spectrum was pseudomodulated with a modulation amplitude of 1 mT (51) and simulated with a home-written MATLAB (The MathWorks, Natick, MA) program, which utilizes the rigid limit routine of the EASYSPIN software package for EPR (52, 53) . Collinear uniaxial g and A tensors and a natural isotopic composition of Cu (69.2% 63 Cu, 30.8% 65 Cu) were assumed.
Cu(II)-nitroxide DEER measurements
Dipolar time evolution data were obtained at X-band frequencies (9.2-9.4 GHz) with an Elexsys 580 spectrometer (Bruker BioSpin, Rheinstetten, Germany) equipped with a Flexline split-ring resonator ER4118X_MS3 (Bruker Optics) using the four-pulse DEER experiment with the pulse sequence p/2(n obs )-t 1 -p(n obs )-(t 1 þt)-p(n pump )-(t 2 -t)-p(n obs )-t 2 -echo (16, 17) . The dipolar evolution time t was varied whereas t 2 ¼ 2.5 ms and t 1 were kept constant. Proton modulation was averaged by addition of eight time traces of variable t 1 , starting with t 1,0 ¼ 200 ns and incrementing by Dt 1 ¼ 8 ns (54) . The resonator was overcoupled to Q z 100. The frequency of the pump pulse n pump was kept at the maximum of the nitroxide spectrum and at the center of the resonator mode whereas the position of the observer pulse was varied in the copper spectrum (compare to Fig. 3 ). The observer pulse lengths were 32 ns for both p/2 and p pulses and the pump pulse length was 12 ns. The raw time domain DEER data were processed with the program package DeerAnalysis2008 (55) . Intermolecular contributions were removed by division by an exponential decay with a fractal dimension of d ¼ 3.8. The deviation from d ¼ 3.0 originates from excluded volume effects due to the size of the protein (13, 56) . The resulting time traces were normalized to t ¼ 0.
Analysis of DEER data
The spectral parameters of the copper spectrum were used to calculate the orientation selection at different observer pulse positions (EASYSPIN routine Orisel). These orientational weights l(q) were implemented in a home-written MATLAB program, which simulated DEER time-domain data and frequency spectra based on crystallographic data. In crystal structure PDB 1O9X, HSA is cocrystallized with hemin and six myristic acid molecules (28) . In PDB 1E7I, HSA is cocrystallized with seven stearic acid molecules (5) . The distances and relative orientations between the central atom of the porphyrin complex (representing Cu 2þ ) and the C-16 positions of the fatty acids (as an approximation for the free nitroxide electron) were obtained by merging the two crystal structures in one common coordinate system.
The orientational relationship between porphyrin and fatty acid is expressed by the angle d between the connecting vector r (Cu(II)-C-16) and the z axis of the molecular Cu(II) frame. The C-16 position of the stearic acid in site 7 was obtained by linear extrapolation of the aliphatic alkyl chain. Six distance-angle pairs (r, d) were obtained: (2.36 nm, 64.7 ), (2.98 nm, 56.2 ), (2.38 nm, 85.7 ), (4.25 nm, 73.2 ), (3.93 nm, 88.5 ), and (2.67 nm, 75.8 ). The infinitesimal sharp distances were broadened by a Gaussian distribution with s ¼ 0.14 nm. Each distance peak was divided into 40 equally spaced contributions (Dr ¼ 0.05 nm), which were weighted according to the Gaussian distribution.
Because only copper exhibits a pronounced orientation selection, the molecular coordinate frame of Cu 2þ served as reference frame. Ten-thousand dipolar frequencies were calculated for each distance contribution of each distance-angle pair, originating from an array of 100 Â 100 orientations of the magnetic field vector in the unit sphere (57),
The value q defines the angle between the spin-spin connecting vector and magnetic field vector. The effective g Cu value for each orientation of the magnetic field vector was obtained by (57) gðqÞ ¼
The dipolar frequencies were multiplied with the orientational weight for the respective magnetic field orientation l(q) and by sinq. These frequency contributions were added to generate dipolar spectra (40) . The DEER timedomain data were independently calculated by (57) Vðr; tÞ
To shorten the calculation time, only magnetic field vector orientations with weights >1% and contributions to the Gaussian distance peaks with weights >5% of the maximum values were considered. For six distances, the calculation time was <30 min.
RESULTS AND DISCUSSION
In orientation-selective DEER, a method for the direct conversion of the dipolar data into a distance distribution has not yet been developed. Existing methods utilize structural models to obtain the distance and mutual spin orientations of the dipolar coupled electron spins (40, 44, 46, 50) . The orientation selection of both dipolar coupled electron spins A and B is calculated and their mutual orientation accounted for by Euler angle transformation of the molecular frame of spin B in the molecular frame of spin A. The resulting excitation pattern is then related to the mutual orientation of spin A to the spin-spin connecting vector. This allows the dipolar couplings to be calculated and to be fitted to the experimental time-domain data or its Fourier transform. This thorough methodology completely describes the mutual orientation of the whole spin system. However, a defined relationship between both spins does not always exist. In the self-assembled biological system in this study, the nitroxide moieties of the spin-labeled fatty acids assume a large range of orientations in the binding cavity. The lack of a defined orientational order was confirmed by fieldswept DEER measurements (56) . Thus, the orientation Biophysical Journal 100(9) 2293-2301 selection is dominated by the transition metal ion, which exhibits a fixed position with respect to the spin-spin vector and possesses substantially larger g anisotropy.
In this case, only the orientation-selective excitation of the copper-centered electron spins needs to be considered. The relative fractions of excited Cu(II) spins at each angular orientation l(q) with respect to the external magnetic field can be readily calculated for each position in the EPR spectrum (52) .
The lengths r of the spin-spin vectors and their angles to the Cu(II) molecular z axis d were obtained from the crystal structure (Fig. 2) . The position of the electron spin of the nitroxide was approximated by the C-16 position of the fatty acid. The relative positions of the nitroxides to the Cu(II) porphyrin are fully described by r and d due to the axial symmetry of the Cu(II) molecular frame. The infinitesimal sharp distances r were broadened by a Gaussian distribution.
Powder averaging was achieved by varying the orientation of the external magnetic field in an angular grid of 10,000 orientations. For each orientation, the angle q between the magnetic field and the spin-spin vector was determined and the dipolar frequency was calculated. Dipolar spectra were then obtained by weighting the dipolar frequencies by the fraction of excited Cu(II) spins and subsequent summation for all orientations. The full analysis method is explained in detail in Materials and Methods.
A typical EPR spectrum of HSA complexed with Cu(II) protoporphyrin IX and 16-DSA is displayed in Fig. 3 (top). The sharp maximum of the spectrum stems from the nitroxide moieties of the spin-labeled fatty acids, as visualized separately in blue. The spectral contribution from the paramagnetic Cu(II) ions alone was approximated by subtraction of the nitroxide contribution from the overall spectrum. A spectral simulation (red) yielded uniaxial EPR parameters g t ¼ 2.053, g k ¼ 2.194, A t ( 63 Cu) ¼ 58.8 MHz, A k ( 63 Cu) ¼ 616 MHz, and A( 65 Cu) ¼ 1.07 Â A( 63 Cu), further superhyperfine couplings to four strongly coupled 14 N atoms with magnitudes A t ( 14 N) ¼ 50.4 MHz and A k ( 14 N) ¼ 37.8 MHz. These values correspond well with reported values on similar Cu(II) porphyrin systems (58) . The extracted parameters are used to calculate and predict the orientation selection of the Cu(II) ions at any position within the spectrum (52) .
In the DEER measurements, the pump pulse was positioned at the maximum of the nitroxide spectrum where all orientations contribute significantly. This minimizes orientation selection from these spins and furthermore provides for a large fraction of pumped spins. The position of the observer pulse was varied within the copper spectrum to excite spin packages with different orientations. Orientational unit spheres for three typical observer pulse positions are depicted in Fig. 3 .
An exclusive excitation of spins along the unique axis of the distorted octahedral Cu(II) frame is only possible at very low magnetic field positions. However, observer pulse posi-tion z 2 already exhibits a frequency offset of 500 MHz to the pump pulse position at the spectral maximum, which severely decreases the signal/noise ratio as both the flank of the resonator mode is approached and the spectral density is decreased. Nonetheless, Bode et al. (47) and Lovett et al. (50) , performing DEER measurement on comparable Cu(II) porphyrins, chose this option to achieve a significant fractions of Cu(II) spins with desired orientations along z. Luckily, a comparable orientation selection is also possible at the high field flank of the spectrum (position z 1 ) due to a strong hyperfine coupling of the unpaired electron to the nuclear spin of the Cu 2þ ion. As depicted in Fig. S2 , both observer pulse positions give rise to similar DEER spectra-with a substantially increased signal/noise ratio for position z 1 .
The DEER time-domain data and frequency spectra for observer pulse positions xy and z 1 are displayed in Fig. 4 . Up to six fatty acids need to be added to one HSA molecule to occupy all remaining binding sites in the protein (one FA binding site is blocked by Cu(II) protoporphyrin IX). However, as we have shown for the self-assembled HSA/ FA system, the interaction of more than two paramagnetic moieties in the protein leads to artifacts in the dipolar spectra (compare to Fig. S3 ) (56) . To allow for a quantitative interpretation of the data, it is mandatory to limit the number of paramagnetic moieties per protein to two (13) . In this study a protein molecule contains one Cu 2þ spin and one EPR-active 16-DSA molecule on average. The degree of FA loading can be varied by the addition of diamagnetic fatty acids , which compete with 16-DSA for a binding site without giving rise to an EPR signal. Continuous wave (CW) EPR spectra reveal a nearly quantitative complexation of fatty acids up to a HSA/fatty acid ratio of 1:5 (Fig. S2 ) and ensure that all FA binding sites are readily occupied by the DSA-derivatives under the experimental conditions in this study.
Well-defined dipolar modulations are observed in the DEER time-domain data (Fig. 4) . These modulations stem from dipolar couplings of spin pairs with a single dominating distance. This is somewhat surprising given the large distribution of distances that is suggested by the crystal structure (Fig. 2) . However, these results are in agreement with previous EPR findings on the fatty acid distribution in the protein (13) . Experimental distance distributions between 16-DSA molecules in the binding sites of the protein revealed an overwhelmingly dominant distance peak at 3.6 nm in strong contrast to the complex distance distribution predicted by the crystallographic data. The nitroxide moiety of 16-DSA is located at the tail of the methylene chain of the FA, which is located near the entry points of the FA binding sites. This dominating distance strongly indicates a very symmetric distribution of these entry points on the protein surface. Here, the dipolar data contain information about the distances between Cu(II) protoporphyrin IX and the entry points of the FA binding sites (represented by 16-DSA). The repeated occurrence of a dominating distance in a new reference frame supports the conclusion of a symmetric distribution of the entry points.
Furthermore, the dipolar data do not change significantly when the protein is loaded with varying amounts of fatty acids, i.e., when the occupation of FA binding sites is varied. This behavior has already been observed when only fatty acids were added to HSA. A strong dependence of the degree of loading would be expected when binding sites with a higher affinity for fatty acids are populated before the low-affinity binding sites. However, a consecutive population of different binding sites cannot be excluded under the premise that the entry points of all binding sites exhibit a similar distance to the Cu(II) ion as suggested by the DEER data. We note that a high degree of FA loading caused a slight broadening of the dipolar modulations when probing the distances between 16-DSA.
The almost complete absence of a broadening in this study could be due to far fewer spin-pair interactions even in the case of full loading. The interaction of a Cu(II) ion with the doxyl reporters of the fatty acids results in six dipolar interactions whereas FA-FA interactions can lead to 21 potential distances. Further, the Cu(II) ion is located in a rigid framework which keeps its position fixed in the protein. On the contrary, the aliphatic fatty acid chains experience considerable degrees of freedom even in a confined binding pocket.
Although the degree of FA loading does not influence the DEER data, a variation of the observer position in the Cu(II) spectrum causes significant changes. Indeed, a pronounced orientation selection is observed when comparing the time traces in Fig. 4 . At the xy position of the observer pulse, the dipolar modulations oscillate with a frequency twice that at the z 1 position. At this position, the dipolar contribution from angles q ¼ 0 is far more pronounced than in a Pake pattern of a disordered system with no orientational selection. At the same time, the dipolar singularities at q ¼ 90 are the only pronounced feature of the dipolar spectrum at an observer position z 1 , as contributions from q ¼ 0 are almost absent.
The measured dipolar data are compared to data calculated from the crystal structure in Fig. 5 (representation in the time domain in Fig. S4 ), assuming full occupation of all binding sites. The dominating feature of the measured spectra is approximately reproduced by the calculated data regarding both strength and orientation of the dipolar coupling. The strong contribution from dipolar angles q ¼ 0 at observer pulse position xy is clearly visible in the calculated spectra and even more pronounced in the measured data. However, strong dipolar couplings due to small distances at~2.5 nm (frequency range 2.5-5 MHz) are almost entirely absent in the measured DEER data. In this frequency region, the calculated spectra inferred from the crystal structure exhibit significantly higher spectral density.
Spectral simulations of the measured dipolar spectra yield information on distance and relative orientation of the FIGURE 5 Recorded dipolar spectra of HSA complexed with 1 eq. Cu (II) protoporphyrin IX, 4 eq. 16-rDSA, and 1 eq. 16-DSA (solid/black lines) and calculated Pake patterns (dashed/gray lines) for observer pulse positions xy and z 1 . The calculated Pake patterns are obtained assuming full occupation of all fatty acid binding sites (2) (3) (4) (5) (6) (7) . Specific angular orientations q ¼ 0 and q ¼ 90 of the dominant dipolar contribution are indicated in the spectra.
Biophysical Journal 100(9) 2293-2301 dominant dipolar contribution. Interestingly, this contribution can be reproduced by a single dipolar interaction between Cu(II) and a nitroxide group (see Fig. 6 A, and representation in the time domain in Fig. S5 ). The qualitative description of Fig. 5 in the last paragraph is confirmed by the quantitative simulation, which yields a distance r ¼ 3.85 nm and an angular orientation d ¼ 90 5 10 (Fig. S6) . Note that the contributions from q ¼ 0 even exceed the maximum achievable contribution at the given Cu(II) orientation selection for the xy observer position. This increase of the orientation selection may be related to an additional slight preferential orientation of the nitroxide spin labels, which is not accounted for in the spectral analysis.
The obtained parameters correspond to a circle in the porphyrin plane, which is depicted graphically in Fig. 6 B. Indeed, a particular circular position almost coincides with the C-16 position of the stearic acid in binding site 6 (r ¼ 3.82 nm, d ¼ 88.1 ). This site was previously assigned a low-affinity binding site for fatty acids (26, 27) .
Yet, the observed dipolar coupling cannot stem from a single dipolar contribution (as, e.g., between hemin and the fatty acid in binding site 6). As inferred by CW EPR spectroscopy, >99% of the fatty acids are complexed by a Cu(II) protoporphyrin IX-loaded HSA molecule even at HSA-fatty acid ratios as high as 1:5 (Fig. S2 ). This corresponds to a full occupation of five out of six available binding sites of the protein. The CW data hence suggest that the strong binding affinity of the protein toward multiple fatty acids is not altered by a simultaneously bound hemin-analog molecule.
Hence, it is far more reasonable that the well-defined dominant dipolar coupling is due to various Cu(II)-nitroxide spin pairs with similar distances and an orientation of the spin-spin vectors close to the porphyrin plane. This is accounted for by a symmetric distribution of the fatty acids tails and the entries to the fatty acid binding sites in the protein. Hence, this study corroborates the structural assumption of our recent EPR study that the flexible protein surface allows for a symmetric distribution of the entry points of the fatty acid binding sites (13) . This assumption is also supported by the fact that the found distance of 3.85 nm between Cu(II) and the 16-DSA molecules is close to the dominating 16-DSA-16-DSA distance of 3.6 nm.
As inferred from the crystal structure (28), the global structure of HSA resembles an ellipsoid or a uniaxially compressed sphere. The pronounced orientation selection in our Cu(II)-nitroxide DEER data reflects the fact that the xy plane of the porphyrin ring is roughly aligned along the flattened side of the protein. Hence, all spin-spin vectors between Cu(II) and the fatty acids are predominantly located at angles close to d ¼ 90 (compare to calculated angles from the crystal structure in the Materials and Methods).
We note that Cu(II) porphyrin does not only serve as EPR probe but also blocks the fatty acid binding site 1. When adding two equivalents of paramagnetic 16-DSA, nitroxide-nitroxide distances can be accessed. The obtained DEER-derived distance distributions with only six accessible FA binding sites hardly deviate from the distributions from 16-DSA in all seven FA binding sites (Fig. S7) . In contrast, the loss of binding site 1 causes the crystal structure derived distance distributions to exhibit marked differences. This is further indication for a rather symmetric distribution of the entry points to the binding sites in the protein even when a porphyrin molecule is bound. This highlights the strong conformational flexibility in particular of the surface of HSA, which seems to be the foundation for the excellent transport, uptake, and release properties of HSA.
CONCLUSIONS
Orientation-selective DEER measurements between the hemin substitute Cu(II) protoporphyrin IX and spin-labeled stearic acids (16-DSA, representing the entry points of the FA binding sites of HSA) reveal one dominant dipolar contribution and a strong orientation selection. Although the observed orientation selection in the dipolar spectra FIGURE 6 Predominant dipolar contribution in the measured DEER spectra. (A) Measured dipolar spectra of HSA complexed with 1 eq. of Cu(II) protoporphyrin IX and 16-DSA (solid/black lines) and best spectral fits based on a single dipolar coupling (dashed/gray lines). Best fits are obtained if the coupled electron spin is assumed to be placed in the extended xy plane of the porphyrin ring (d ¼ 90 ) with a distance of r ¼ 3.85 nm to Cu(II). (B) Structural relation of the dominant DEER contribution to the fatty acid positions of the crystal structure. Potential positions for the dipolar coupled electron spin are indicated by a circle that is located close to the C-16 position of the stearic acid in site 6.
Biophysical Journal 100(9) 2293-2301 reflects the overall flattened shape of the protein, the finding of one dominant dipolar contribution and hence Cu(II)-nitroxide distance indicates a symmetric distribution of the binding site entry points on the protein's surface. This symmetric distribution may enhance the access of the protein by fatty acids and thus facilitate the uptake and release of fatty acids and potentially other (small) guest molecules even when a larger hemin-analog molecule is rather rigidly placed in a central region of HSA. Furthermore, the conformational flexibility at the surface of the protein as probed by the entry point distribution is retained even with a porphyrinoid molecule bound.
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